Streptococcus agalactiae is part of the normal flora of the human gastrointestinal tract and also the leading cause of bacterial infections in human newborns and immunocompromised adults. The colonization and infection of different regions within the human host require a regulatory network in S. agalactiae that senses environmental stimuli and controls the formation of specific virulence factors. In the present study, we characterized an Rgg-like transcriptional regulator, designated RovS (regulator of virulence in Streptococcus agalactiae). Deletion of the rovS gene in the genome of S. agalactiae resulted in strain 6313 ⌬rovS, which exhibited an increased attachment to immobilized fibrinogen and a significant increase in adherence to the eukaryotic lung epithelial cell line A549. Quantification of expression levels of known and putative S. agalactiae virulence genes by real-time PCR revealed that RovS influences the expression of fbsA, gbs0230, sodA, rogB, and the cyl operon. The altered gene expression in mutant 6313 ⌬rovS was restored by plasmid-mediated expression of rovS, confirming the RovS deficiency as the cause for the observed changes in virulence gene expression in S. agalactiae. DNA electrophoretic mobility shift assays showed that RovS specifically binds to the promoter regions of fbsA, gbs0230, sodA, and the cyl operon, indicating that RovS directly regulates their expression. Deletion and mutation studies in the promoter region of fbsA, encoding the main fibrinogen receptor in S. agalactiae, identified a RovS DNA motif. Similar motifs were also found in the promoter regions of gbs0230, sodA, and the cyl operon, and alignments allowed us to propose a consensus sequence for the DNA-binding site of RovS.
Streptococcus agalactiae is a commensal bacterium that colonizes the gastrointestinal tract of a significant percentage of the human population (1) . However, it is also the leading cause of invasive infections in neonates, in which it causes septicemia, meningitis, and pneumonia (50, 52) . In addition, it has emerged as an increasingly common cause of invasive diseases in the elderly and in immunocompromised persons.
For the establishment of a successful infection, S. agalactiae needs to adhere to epithelial surfaces, eventually penetrate them, and also protect itself against the immune system. For this purpose, S. agalactiae possesses several surface proteins that interact with proteins of the host extracellular matrix (ECM). The Lmb protein from S. agalactiae mediates the binding of the bacteria to human laminin (41) . Beckman et al. and Cheng et al. demonstrated binding of C5a peptidase from S. agalactiae to fibronectin and showed that fibronectin binding of S. agalactiae is important for the invasion of the bacteria into host cells (2, 11) . Binding of S. agalactiae to human fibrinogen is brought about by the fibrinogen receptor FbsA, which interacts with fibrinogen by repetitive units and which is widely distributed in different S. agalactiae strains (38) . FbsA was also demonstrated to mediate the binding of S. agalactiae to lung epithelial cells (39) . In general, surface proteins play a significant role in the virulence of S. agalactiae and their synthesis is clearly regulated during infection.
Recently, the genomic sequences of the serotype III S. agalactiae strain NEM316 (16) and of the serotype V strain 2603 V/R (46) were published. Analysis of the sequence data revealed the presence of several putative virulence genes, including genes for putative bacterial surface proteins and virulence regulators. Although a few regulatory systems from S. agalactiae have been studied on the molecular level (12, 31, 40) , the targets and stimuli of most transcriptional regulators are still unknown. Among gram-negative bacteria, virulence regulatory genes have been studied intensively, and it could be shown that many of these are members of several large conserved protein families. Much less is known about virulence regulatory networks in gram-positive bacteria. However, the recent influx of genomic information has revealed large conserved families of regulators that are unique to gram-positive bacteria. One such example is the Rgg protein family of transcriptional regulators. This family includes Rgg of Streptococcus gordonii, which is necessary for extracellular glycosyltransferase G expression (43, 44) ; GadR of Lactococcus lactis, which is required for glutamate-dependent acid tolerance (37) ; and MutR, which controls the expression of the mutacin l antibiotic (MutA) of Streptococcus mutans (34) . Rgg of Streptococcus pyogenes, also known as RopB, is necessary for the expression of the secreted cysteine protease SpeB (6, 27) . Subsequent genome analysis revealed that Rgg from S. pyogenes influences the expression of additional secreted proteins (7, 8) . In addition, rgg inactivation changed the expression of known and putative transcriptional regulators, including several two-component regulatory systems, which are important in the transcriptional response to changing environmental conditions (7) .
The present study describes a protein, named RovS, with similarity to members of the Rgg-like protein family of transcriptional regulators. By deletion of the rovS gene in the chromosome of S. agalactiae, the importance of RovS for the binding of the bacteria to human fibrinogen and the adherence to eukaryotic cells was addressed. Using realtime PCR, the expression of known and putative virulence genes was compared between the rovS mutant and its parental strain. Finally, to further characterize the RovS-dependent regulation, the binding of RovS to the promoter region of fbsA, encoding the main fibrinogen receptor in S. agalactiae, and other virulence genes was analyzed by electrophoretic mobility shift assays (EMSAs). We were able to identify the RovS binding motif in the fbsA promoter region, and we therefore propose a consensus sequence for the RovS DNA-binding site.
MATERIALS AND METHODS
Bacterial strains, eukaryotic cells, and growth conditions. S. agalactiae 6313 is a serotype III clinical isolate obtained from an infected neonate (48) . Escherichia coli DH5␣ (18) was used for cloning purposes, and E. coli BL21(DE3) (14) served as host for the production of a RovS fusion protein. S. agalactiae was cultivated at 37°C in Todd-Hewitt yeast broth (THY) containing 1% yeast extract. S. agalactiae clones, carrying the plasmid pG ϩ host6 (Appligene) or pAT19
was confirmed by Southern blotting with PvuII-digested chromosomal DNA of the S. agalactiae parental strains and of the putative deletion mutant. A digoxigenin-labeled probe for the detection of deletions in rovS was obtained by PCR with the primers rovS_SB1 (5Ј GCTTGACCAGTTACATACC) and rovS_SB2 (5Ј ATGCAAAGGCATCACA GC). Southern blot analysis confirmed the successful deletion of the rovS gene in the chromosome of the S. agalactiae ⌬rovS strain (data not shown). Plasmid-mediated expression of rovS in S. agalactiae. The rovS structural gene, including its own promoter, was amplified from chromosomal S. agalactiae 6313 DNA by PCR using the primers rovSK1 (5Ј GAGCGGGGTACCGTTGAGTG AATGAGTTGAC) and rovSK2 (5Ј CCGCGGATCCAAAGAAGATACTTCC CTCG 3Ј). The KpnI and BamHI sites used for cloning are underlined. The PCR product was cut with KpnI and BamHI and ligated into the KpnI/BamHIdigested E. coli/Streptococcus shuttle vector pAT19 (47) . The resultant plasmid was termed pATrovS. The plasmids pAT19 and pATrovS were transformed by electroporation into the corresponding S. agalactiae strains with subsequent erythromycin selection.
Construction of the fbsA-lacZ transcriptional fusion plasmid pTfbsA. Plasmid pTCV-lac (33) was used for expression analysis of the fbsA gene in S. agalactiae. Plasmid pTfbsA was constructed as described previously (36) .
Construction of the plasmid for synthesis of RovS fusion protein. The vector pET28a (Novagen) was used for the synthesis of a hexahistidyl-tagged RovS fusion protein. The rovS gene was amplified from chromosomal DNA of S. agalactiae 6313 by PCR with the primers rovS_N1 (5Ј CATGCCATGGAAAA AGAATTAGGAAAAACACTAAGAAG) and rovS_C1 (5Ј CCGCTCGAGGC ATTCTTTATTATTGCCAAGTACTTTTTG). The NcoI and XhoI restriction sites used for cloning are underlined. After digestion of the rovS-derived PCR products and of plasmid pET28a with NcoI and XhoI, the rovS derivate was ligated into pET28a and transformed into E. coli BL21(DE3).
The RovS fusion protein was synthesized in recombinant E. coli BL21(DE3) by the addition of 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) after the culture had reached an OD 600 of about 1.0. The cells were harvested, washed once with His-tag buffer B (50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole, pH 8.0), and then disrupted using a French press cell. Purification of the fusion protein was performed according to the instructions of QIAGEN (Hilden, Germany) using Ni 2ϩ affinity chromatography. The RovS fusion protein was finally dialyzed against 1ϫ binding buffer (10 mM Tris-HCl [pH 7.8], 5% glycerol, 10 mM NaCl, 5 mM dithiothreitol, 1 mM MgCl 2 , 1 mM EDTA).
Western blot analysis. For Western blot experiments, proteins were size separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electroblotted onto nitrocellulose. The membrane was subsequently blocked overnight with 1% (wt/vol) blocking reagent (Roche Diagnostics) in phosphate-buffered saline (PBS). The membrane was subsequently incubated for 1 h with mouse anti-Histag antibodies (1:250 in PBS). Afterwards, the membrane was washed three times with PBS. The membrane was subsequently incubated for 1 h with peroxidaselabeled anti-mouse immunoglobulin G Fab fragments (1:10,000). To remove unbound antibodies, the membrane was washed three times with PBS containing 0.05% (wt/vol) Tween 20 and twice with PBS. Finally, peroxidase-conjugated antibodies were detected by chemiluminescence, using the ECL kit from Amersham Biosciences (Braunschweig, Germany).
Size-exclusion chromatography. A total of 250 l of protein solution at a concentration of 0.3 mg/ml in running buffer (50 mM phosphate buffer, 150 mM NaCl, pH 7.2) was loaded onto a Superdex 200 HR 10/30 (Amersham Biosciences) gel filtration column connected to an AKTA fast protein liquid chromatography system (Amersham Biosciences). Protein separation at a flow rate of 1 ml/min was monitored by detecting the absorbance (A 280 and A 219 ) of the eluant, which was collected in fractions of 1 ml. The column was calibrated using high-molecular-weight and low-molecular-weight gel filtration calibration kits (Amersham Biosciences). The molecular weight calculation of RovS protein was determined from plots of the logarithm of molecular weights of standards versus retention volume. To clearly identify RovS in single fractions, the RovS protein was detected in Western blot analysis with mouse anti-His-tag antibodies.
RNA preparation and LightCycler real-time PCR. S. agalactiae 6313 was grown to mid-log phase in 50 ml of THY. Total RNA was prepared from the bacterial culture with the RNeasy Midi extraction kit (QIAGEN) and treated for 1 h with 150 U of RNase-free DNase (Promega). RNA samples were checked for DNA contamination by PCR without prior reverse transcription (RT). As no amplicons were obtained, DNA contamination during RNA preparation could be excluded. Quantitative real-time PCR experiments were performed after RT of RNA with random hexanucleotides and the RevertAid first-strand cDNA synthesis kit (MBI Fermentas) according to the instructions of the manufacturer. Expression analysis of the genes fbsA, gbs0230, sodA, and rogB and the cyl operon was performed with the primers listed in Table 1 in a LightCycler as described previously (17) . The quantity of cDNA for the investigated genes was normalized to the quantity of gyrA cDNA in each sample. Each experiment was performed at least four times with two independent RNA preparations.
Primer extension analyses. S. agalactiae 6313 RNA was isolated by using the RNeasy kit and QIAshredder (QIAGEN GmbH) according to the manufacturer's instructions. Primer extension analyses were carried out as described elsewhere (26) with the IRD800-labeled primers fbsA-PEX1 (5Ј GCCAAAGCTTTCCTG ATTTCC) and fbsA-PEX2 (5Ј TTTCCTGATTTCCAAGTTC). The signals were analyzed with an automatic sequencer (LICOR 4000L; Licor, Inc., Lincoln, Nebr.) at 1,500 V and 50°C using a 6% (wt/vol) polyacrylamide gel.
DNA electrophoretic mobility shift assay. The binding of His-tagged RovS protein to the fbsA, gbs0230, sodA, rogB, and cyl promoter regions was tested by DNA EMSA using the DNA fragments or double-stranded oligonucleotides indicated and shown in Results. The DNA fragments were generated by PCR using the primers fbsA-BS1 (5ЈAACTATTGCTCCCCTGC), fbsA-BS2 (5Ј TTT CCTGATTTCCAAGTTC), gbs0230-BS1 (5Ј GTAAAGGCACAGGTAGAT), gbs0230-BS2 (5Ј CACCCCTCTCAAATCGTGAT), sod-BS1 (5ЈGTGGCTCAA GCGCATCATAT), sod-BS2 (5Ј GTCTTACTTGGCAGGATAG), rogB-BS1 (5ЈAACCAGTTGAGACATG), rogB-BS2 (5Ј TTTTACAACTCCTATTGT GC), cyl-BS1 (5Ј TATGAGAGTGCGGGTTCTTG), and cyl-BS2 (5Ј GGAGG ACAGGGTAATGTTCA). All DNA fragments were purified by the Nucleospin extract kit (Macherey Nagel). For generating native and mutated doublestranded oligonucleotides, two complementary primers were mixed and heated to 95°C for 10 min in TE buffer (10 mM Tris [pH 7.8], 1 mM EDTA) and allowed to anneal by slow cooling at room temperature. In the binding assay, 100 ng of the fragments or oligonucleotides was incubated with various amounts of RovS (0 to 1.2 g) in 20 l of 10 mM Tris-HCl reaction buffer, pH 7.6, containing 50 mM NaCl, 1 mM dithiothreitol, 1 mM EDTA, 10% (wt/vol) glycerol, and 1 g of poly(dI-dC) for 20 min at room temperature. Subsequently the mixture was separated on a 2% agarose gel in 1ϫ TAE buffer (200 mM Tris-HCl [pH 7.5], 100 mM acetate, 5 mM EDTA) at 70 V and 80 mA and stained with ethidium bromide.
Binding of fluorescein isothiocyanate-labeled group B streptococci to immobilized human proteins. Terasaki microtiter plates were coated with human fibrinogen, collagen I, collagen IV, and laminin, and the binding of fluorescein isothiocyanate-labeled S. agalactiae to the immobilized proteins was measured as described previously (17) . Results were measured in triplicate, and each assay was repeated at least four times.
Adherence and internalization assays. Adherence of S. agalactiae to and internalization into A549 epithelial cells were assayed as described previously (17) . Briefly, A549 cells were transferred to 24-well tissue culture plates at approximately 4 ϫ 10 5 cells per well and cultivated overnight in RPMI tissue culture medium supplemented with 10% fetal calf serum. After replacement of the medium with 1 ml of fresh medium, the cells were infected with S. agalactiae at a multiplicity of infection of 10:1 and incubated at 37°C for 2 h. The infected cells were subsequently washed three times with PBS. The number of celladherent bacteria was determined by lysis of the eukaryotic cells with distilled water and subsequent determination of CFU by plating appropriate dilutions of the lysates on THY agar. Intracellular bacteria were determined after a further incubation of the infected cells for 2 h with RPMI medium containing penicillin G (10 U) and streptomycin (0.01 mg) to kill extracellular bacteria. After three washes with phosphate-buffered saline, the epithelial cells were lysed with distilled water and the amount of intracellular bacteria was quantitated by plating serial dilutions of the lysate onto THY agar plates. All samples were tested in triplicate, and experiments were repeated at least three times.
Determination of hemolytic activity. For the preparation of hemolysin extracts, bacteria were grown in 50 ml of THY medium containing 2% soluble starch and subsequently pelleted by centrifugation, washed, and resuspended in 500 l of PBS containing 0.2% glucose, 1% dextran 500 (Serva, Heidelberg, Germany), and 3% Tween 80. After 30 min of incubation at 37°C in 5% CO 2 the suspension was centrifuged and the supernatant containing the hemolysin was removed. For determination of hemolytic activity different volumes of hemolysin extracts were diluted in 500 l PBS. Fresh ovine erythrocytes were washed and adjusted to a 1% suspension in PBS. The diluted hemolysin extract and the erythrocyte suspension were mixed 1:2 in a volume of 1 ml and incubated at 37°C. After 10 min the probes were centrifuged for 1 min and the extinction of each supernatant was measured at 540 nm. To determine the hemolytic activity of each strain the quotient OD 540 /OD 600 was calculated. All samples were tested in triplicate, and experiments were repeated at least three times.
Determination of ␤-galactosidase activity. Recombinant S. agalactiae strains harboring the plasmid pTCV-lac or pTfbsA were grown aerobically in THY broth at 37°C with shaking (100 rpm). Strains were pretreated with a 0.5% toluene-4.5% ethanol mixture as described previously (33) , and ␤-galactosidase activity was measured as described previously (36) .
Statistical analysis. Differences between the parental, the rovS mutant, and the complemented strain in binding to human fibrinogen, in the adherence to A549 lung epithelial cells, and in the expression of different virulence genes were assessed using the two-tailed Student t test. P values of Յ0.05 were considered statistically significant.
Nucleotide sequence accession number. The genomic DNA sequence of S. agalactiae NEM316 can be accessed in the EMBL database under accession number AL732656. In the SwissProt TREMBL database, the RovS polypeptide described in this report possesses the accession number Q8E447.
RESULTS
Analysis of the rovS gene, encoding a transcriptional regulator. The annotated genome sequence of the S. agalactiae strains NEM316 and 2603V/R revealed the presence of at least 107 putative transcriptional regulatory genes, representing about 5% of the total genome (16, 46) . Proteins encoded by the genes gbs0230, gbs1555, and gbs2117 exhibit significant similarity to the Rgg family of transcriptional regulators (16) , which control in S. pyogenes the expression of several known or putative virulence genes (7, 9) . Among the three Rgg-like proteins in S. agalactiae, Gbs1555 reveals the highest identity to Rgg from S. pyogenes. This prompted us to characterize the importance of Gbs1555 for the virulence of S. agalactiae. As (21) , 25% identity to the regulator Rgg of S. gordonii (43, 44) , and 21% identity to the regulator RopB of S. pyogenes (28) . Gene gbs1554 upstream of rovS encodes a protein with similarity to formamidopyrimidine-DNA glycosylase, a DNA repair enzyme that excises oxidized purines from damaged DNA. Gene gbs1556 downstream of rovS encodes a protein with no similarity to polypeptides of other organisms. Deletion of rovS increases the binding of S. agalactiae to human fibrinogen. To analyze the importance of rovS for the pathogenicity of S. agalactiae, the rovS gene was deleted in the genome of S. agalactiae 6313, resulting in a ⌬rovS mutant. Southern blot analysis confirmed the successful disruption of the rovS gene in the chromosome of the S. agalactiae ⌬rovS strain (data not shown). No difference in the growth rate, final optical cell density, chain length, or clumping between the S. agalactiae ⌬rovS mutant and the wild-type strain 6313 was observed (data not shown). For complementation studies, the rovS gene was cloned into the vector pAT19, resulting in plasmid pATrovS. The vector pAT19 was subsequently transformed into the S. agalactiae strain 6313 and the ⌬rovS strain, and plasmid pATrovS was introduced into the S. agalactiae ⌬rovS strain. To analyze the importance of rovS for the binding of S. agalactiae to host proteins, the abilities of the S. agalactiae 6313(pAT19), ⌬rovS(pAT19), and ⌬rovS(pATrovS) strains to bind to different proteins of the extracellular matrix were quantitated. The three S. agalactiae strains revealed no binding to immobilized collagen I, collagen IV, and laminin (data not shown) but exhibited significant binding to immobilized fibrinogen (Fig. 1A) . Compared to the wild-type strain 6313(pAT19), the S. agalactiae ⌬rovS(pAT19) strain showed a 35% increased binding to immobilized fibrinogen (Fig. 1A) . However, plasmidmediated expression of rovS in the ⌬rovS(pATrovS) strain restored its binding to human fibrinogen to a wild-type level (Fig.  1A) . These data indicate that the interaction of S. agalactiae with human fibrinogen is downregulated by RovS.
The rovS gene is important for the adhesion of S. agalactiae to eukaryotic cells. In S. agalactiae the major fibrinogen-binding protein FbsA plays an important role in bacterial adhesion to the lung epithelial cell line A549 (39) . As rovS was shown in the present study to control fibrinogen binding in S. agalactiae, the S. agalactiae 6313(pAT19), ⌬rovS(pAT19), and ⌬rovS(pATrovS) strains were tested for their adherence to and invasion into the human epithelial cell line A549. Adherent and invasive bacteria were quantitated by plate viability counts. As depicted in Fig. 1B , the S. agalactiae wild-type strain 6313(pAT19) revealed significant adherence to A549 cells. However, the adherence of the mutant rovS(pAT19) strain to A549 cells was increased by 44% compared to the wild-type strain. Plasmid-mediated expression of rovS downregulated host cell adherence of the S. agalactiae ⌬rovS(pATrovS) strain to wild-type level. These data suggest that the rovS gene is involved in the attachment of S. agalactiae to epithelial cells.
To compare the invasion of the different S. agalactiae strains into A549 cells, the number of invasive bacteria of each strain was related to the number of adherent bacteria, resulting in the calculation of the invasion index (15) . As depicted in Fig. 1C , the S. agalactiae 6313(pAT19), ⌬rovS(pAT19), and ⌬rovS(pATrovS) strains revealed similar invasion indices, indicating that rovS is not involved in the invasion of epithelial cells by S. agalactiae.
Expression profiling of virulence genes in the rovS mutant and its wild-type strain. The previous results suggested a significant role of rovS in the pathogenicity of S. agalactiae. As the Rgg protein controls in S. pyogenes the transcription of a variety of virulence genes (7), the expression profile of known and putative S. agalactiae virulence genes was analyzed by quantitative RT-PCR in the S. agalactiae ⌬rovS strain, the S. agalactiae ⌬rovS(pATrovS) strain, and their parental strain 6313. Expression profiling was performed with the genes cfb, lmb, sodA, cpsA, hylB, scpB, lytR, gyrA, rogB, gbs0230, cylE, and fbsA, encoding CAMP factor, the laminin-binding protein Lmb, superoxide dismutase, an activator of capsule gene expression, hyaluronate lyase, C5a peptidase, an autolysin response regulator, gyrase subunit A, RogB regulator protein, a transcription regulator similar to Rgg, a protein required for the production of hemolysin, and the fibrinogen receptor FbsA, respectively. Likewise the expression of the rovS-flanking genes gbs1554 and gbs1556 was analyzed. Equal amounts of total RNA from exponential-phase cultures (OD 600 ϭ 0.3) of the S. agalactiae ⌬rovS and 6313 strains were reverse transcribed and used to quantify the transcript levels of the abovementioned genes by real-time PCR. The obtained data were normalized to the expression of the gyrA gene in the three strains. A 1.5-fold difference in transcription was interpreted as a significant difference in expression between the strains. Relative to S. agalactiae 6313, transcription of the genes cfb, lmb, cpsA, hylB, scpB, lytR, gbs1554, and gbs1556 was unaltered in the rovS mutant (data not shown).
As shown in Fig. 2 , the expression of the fbsA gene was 1.8-Ϯ 0.21-fold increased in the rovS mutant compared to the parental strain. In contrast, the transcription levels of the genes gbs0230, sodA, and rogB and the cyl operon were 1.9-Ϯ 0.15-, 1.7-Ϯ 0.35-, 2.2-Ϯ 0.3-, and 4.1-Ϯ 0.45-fold decreased in the rovS mutant compared to the parental strain 6313. Plasmidmediated expression of rovS restored in the ⌬rovS(pATrovS) strain the transcription of the above-mentioned genes to wildtype level (Fig. 2) . These findings suggest that RovS represses in S. agalactiae the transcription of the fbsA gene and that it activates the expression of the genes gbs0230, rogB, and sodA and the cyl operon, respectively.
In vivo analysis of RovS-mediated regulation of fbsA expression and hemolysin formation. To analyze the influence of RovS on fbsA expression in vivo, the S. agalactiae 6313(pAT19), ⌬rovS(pAT19), and ⌬rovS(pATrovS) strains were transformed with the vector pTCV-lac or alternatively with the plasmid pTfbsA, which carries the fbsA promoter in front of a promoterless lacZ gene. In pTfbsA-carrying strains, fbsA expression can be monitored by measuring the ␤-galactosidase activity. Strains that harbored the vector pTCV-lac did not show ␤-galactosidase activity during growth (data not shown). However, pTfbsA-carrying strains revealed a growth-phase-dependent expression of fbsA, peaking in the middle of the exponential growth phase with a moderate decline during late logarithmic and stationary growth. Growth experiments revealed identical growth of the S. agalactiae 6313(pAT19)(pTfbsA), ⌬rovS(pAT19)(pTfbsA), and ⌬rovS(pATrovS)(pTfbsA) strains (data not shown). However, in the ⌬rovS(pAT19)(pTfbsA) strain, the fbsA expression was approximately 35% increased compared to the wild-type strain 6313(pAT19)(pTfbsA). These 6313(pAT19), ⌬rovS(pAT19), and ⌬rovS(pATrovS) strains. Bacterial adherence and invasion were calculated as follows: adherence ϭ number of adherent bacteria/total number of bacteria in the assay ϫ 100; invasion index ϭ number of adherent bacteria/number of internalized bacteria in the assay ϫ 100. Each experiment was performed at least four times in triplicate. *** , P Ͻ 0.001.
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To investigate the impact of RovS on hemolysin production in S. agalactiae in vivo, the hemolytic activity of the S. agalactiae wild-type 6313(pAT19), ⌬rovS(pAT19), and ⌬rovS(pATrovS) strains was analyzed during growth of the bacteria in complex media. The results were plotted as quotient OD 540 /OD 600 , respectively, against time. The three strains exhibited identical growth behavior in complex medium (data not shown). In all three strains, hemolytic activity increased significantly during the early exponential growth phase, peaked in the middle of exponential growth, and decreased at the transition from the exponential to the stationary growth phase (Fig. 3) . However, the hemolytic activity in the ⌬rovS(pAT19) mutant was on average 50% lower than in strain 6313(pAT19). Plasmid-mediated expression of rovS in the ⌬rovS(pATrovS) strain increased the hemolytic activity to values comparable to those of the wildtype strain 6313(pAT19). These findings confirm our results obtained by real-time PCR and show that the presence of RovS stimulates the transcription of the cyl operon in S. agalactiae.
RovS specifically binds to the promoter of some of the RovSregulated genes. To characterize the interaction of RovS with RovS-regulated genes on the molecular level, EMSAs were performed with purified RovS protein and respective DNA probes. These probes were amplified by PCR, purified, incubated with different amounts of RovS protein, and separated on agarose gels. The relevant results of all EMSAs are shown in Fig. 4 . As depicted in Fig. 4A the purified RovS protein showed a concentration-dependent binding to the promoter fragments of the genes fbsA (Ϫ706 to ϩ41), gbs0230 (Ϫ890 to ϩ115), and sodA (Ϫ448 to ϩ52) and the cyl operon (Ϫ645 to ϩ326). All these fragments were completely retarded by incubation with 1.0 g of RovS. However, RovS showed no binding to a probe, containing the promoter region of the gene rogB (Ϫ245 to ϩ89) (Fig. 4B) . Incubation of the fragments with 1 g of bovine serum albumin did not result in retardation (Fig. 4A, line 2) . Conversely, unspecific DNA (i.e., an internal fragment of rovS) was not shifted by up to 1 g of RovS protein (Fig. 4C) . These results indicate that RovS in fact binds to the promoter/operator regions of the genes fbsA, gbs0230, and sodA and the cyl operon and that this binding is specific. Identification of the RovS binding site within the fbsA promoter region. By using primer extension analysis, we first located the transcription start point of the fbsA gene of S. agalactiae 59 nucleotides upstream from the initiation codon with T as the first transcribed nucleotide (data not shown). From this site the promoter structure TTGACA(17 bp)TAATAT was identified, which shows high homology to the consensus sequences of promoters in gram-positive bacteria and in E. coli.
Subsequently, to precisely localize the RovS binding site within the fbsA promoter, EMSAs were performed with 18 different DNA fragments of this promoter region. The localization of these fragments within the fbsA promoter is shown in Fig. 5A . The results obtained with the fragments F1 to F12 (Fig. 5B) showed that the binding site of RovS is located within a 28-bp region, situated 111 to 139 bp upstream of the fbsA transcriptional start. Fragments containing this 28-bp region (F1, F2, F3, F5, F7 , and F8) were completely shifted whereas fragments lacking this region (F4, F6, F9, F10, and F11) were not shifted at all (Fig. 5B) .
Interestingly, this 28-bp region comprises a palindromic sequence, containing a spacer of 6 bp and carrying two mismatches. To confirm the importance of this 28-bp region for the binding of RovS to the fbsA promoter, 28-bp oligonucleotides containing different mutations (F13 to F18) were synthesized and tested in EMSAs. All of the tested oligonucleotides, except fragments F15 and F18, were completely shifted. Oligonucleotide F12 contains the original DNA sequence and was already shifted at a RovS concentration of 0.1 g, whereas the oligonucleotides F13 and F14 and oligonucleotides F16 and F17, containing mutations on one or the other end of the binding region, were shifted at a higher protein concentration (0.5 g) (data not shown). A complete change (e.g., F15 and F18) or a cleavage in the middle of the palindromic sequence (F10 and F11) resulted in the loss of the binding of RovS. All EMSA results suggest that this palindromic sequence is of great importance for the binding of RovS to the fbsA promoter.
As EMSAs had demonstrated binding of RovS to the upstream region of the structural genes fbsA, gbs0230, and sodA and the cyl operon, the promoter regions of these genes were aligned to identify a putative consensus sequence for RovS binding. In the upstream regions of the analyzed genes the putative RovS binding sites ATAAAAATGAA-N 7 -ATG ATAAGTAT (gbs0230), AAAATCCTAAT-N 6 -TTTTAAA AAAG (sodA), and ATAATGTTTAT-N 6 -TTTAAACTAAT (cyl operon) (boldface indicates conserved nucleotides) could be identified, resulting in the consensus sequence AWAAWVHTDAW-N 6/7 -WTKWWAMDWAK.
The identified RovS binding motif was used to search the S. agalactiae NEM316 genome sequence with the program Predict Regulon (51) for further putative RovS binding sites. Al- . Among these genes five code for proteins of the central metabolism (gbs0091, gbs0871, gbs1088, gbs1376, and gbs2122), eight code for unknown proteins (gbs0399, gbs0662, gbs0729, gbs0828, gbs0967, gbs0980, gbs1202, and gbs2112), five code for putative transcriptional regulators or proteins that are part of the transcriptional apparatus (gbs0094, gbs0425, gbs1381, gbs1509, and gbs1712), four code for putative transporters (gbs0119, gbs1332, gbs2007, and gbs2017), and three code for surface proteins (gbs0451, gbs1478, and gbs1998). These findings indicate that RovS controls the expression of a variety of different genes in S. agalactiae. Under native conditions RovS is existent as a dimer. To identify the native molecular mass of RovS, gel filtration chromatography was performed. Using cytochrome C1 (12.5 kDa), chymotrypsinogen (25 kDa), albumin (45 kDa), bovine serum albumin (68 kDa), aldolase (158 kDa), katalase (240 kDa), and ferritin (450 kDa) as protein standards, the native molecular mass of RovS was determined as approximately 58 kDa (data not shown). As a monomer of RovS has a molecular mass of 32 kDa, this result indicates that RovS is a dimer in its native form.
DISCUSSION
S. agalactiae is a commensal bacterium colonizing the gastrointestinal tract of a considerable part of the human population. On the other site, this organism is also the leading cause of invasive infections in neonates. The colonization and infection of different regions within the human host require a regulatory network in S. agalactiae that senses environmental stimuli and controls the formation of specific virulence factors. In the present study, RovS, a novel transcriptional regulator for expression control of virulence genes in S. agalactiae, was identified and characterized. RovS reveals similarity to members of the Rgg-like protein family of transcriptional regulators, well known and well studied in S. pyogenes (5, 6, 7, 8) and S. gordonii (43, 49) . In S. pyogenes, the rgg gene product is involved in the synthesis of the erythrogenic toxin B (SpeB), also known as streptococcal pyrogenic exotoxin B (10, 28) . Inactivation of rgg leads to a decreased synthesis of SpeB (6) . A number of reports suggest that SpeB plays an important role in the virulence of S. pyogenes (3, 24, 25) . Because of its proteolytic activity, SpeB has been suggested to enable S. pyogenes to affect the interaction with the human host during infection. SpeB is able to cleave the streptococcal adhesin M1 protein from the bacterial surface (3) and to degrade host cell extracellular matrix factors, including fibronectin and vitronectin (24) . In S. gordonii, Rgg is a positive transcriptional regulator that controls the expression of the glycosyltransferase gene gtfG (43) . The glucan polymers synthesized by streptococcal glucosyltransferase enzymes enable bacterial accumulation on surfaces, such as the microbial biofilm formation on tooth surfaces. Regulation of glycosyltransferase enzymes affects the microbial composition of the biofilm and influences the state of health or disease. All these studies suggest an involvement of Rgg proteins in the virulence of streptococci. However, nothing is known about Rgg proteins in S. agalactiae. There is no gene homologous to speB of S. pyogenes and only two genes, encoding putative glycosyltransferase enzymes, with no similarity to gtfG of S. gordonii in the genome of S. agalactiae. Therefore, RovS in S. agalactiae must have different functions from those of RopB of S. pyogenes and Rgg of S. gordonii.
In S. agalactiae the deletion of rovS resulted in an increased binding of the bacteria to immobilized fibrinogen and to the human lung epithelial cell line A549. This suggests that RovS negatively controls the attachment of the bacteria to the ECM and to host cells. The ECM of mammalian tissues is a stable macromolecular structure underlying epithelial and endothelial cells and is composed of structural glycoproteins such as collagen, laminin, fibronectin, and fibrinogen (19) . The interaction of bacteria with proteins of the ECM is frequently required for the successful colonization of the human host. In S. pyogenes it was shown that bacterial binding to ECM proteins mediates adherence to and invasion in eukaryotic cells (29, 45) . In S. agalactiae, the fibrinogen-binding protein FbsA plays a prominent role in the bacterial adherence to host cells (39) . As demonstrated by real-time PCR and in vivo expression analysis, the increased fbsA expression in the rovS mutant may be the molecular basis for its increased adherence to host cells.
Real-time PCR analysis revealed, aside from fbsA control, a RovS-dependent effect on the expression of other known and putative virulence genes in S. agalactiae. RovS was shown to stimulate the expression of gbs0230, encoding an Rgg-like transcriptional regulator; of gbs0644, encoding cylE, the first gene of the cyl operon, which is essential for the production of hemolysin (42) ; and of gbs0808, encoding the manganese-dependent superoxide dismutase of S. agalactiae. The significance of the regulator Gbs0230 is not yet known; however, it can be speculated that it influences the expression of other virulence genes. Superoxide dismutases convert superoxide anions to molecular oxygen and hydrogen peroxide, which in turn are metabolized by catalases and peroxidases. These enzymes constitute one of the major defense mechanisms of cells against oxidative stress and therefore play a role in the pathogenesis of certain bacteria. It was demonstrated that S. agalactiae possesses a single Mn-cofactored superoxide dismutase, SodA. A sodA mutant showed an increased sensitivity to killing by macrophages, and the survival of the mutant in the blood and the brain of infected mice was markedly reduced in comparison to that of the parental strain (32) . The importance of the cytolysin CylE of S. agalactiae for the bacterial invasion in epithelial cells 
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RovS-CONTROLLED GENE EXPRESSION 5633 was shown by Doran et al. (13) . Recently, also in vivo evidence for a critical role of beta-hemolysin in S. agalactiae neonatal pneumonia was provided (20) . Rabbits infected with wild-type S. agalactiae developed focal pneumonia and had about 100-fold more bacteria in lung tissue than did rabbits infected with a hemolysin-negative mutant. Accordingly, mortality and development of bacteremia were significantly higher in rabbits challenged with S. agalactiae wild type than in those challenged with the mutant strain. Our EMSAs showed that RovS binds directly to the promoter regions of the genes fbsA, gbs0230, and sodA and the cyl operon, thereby directly controlling the transcription of these genes. As increasing RovS concentrations resulted in the formation of a banding pattern, it can be speculated that RovS bound to its target sequence in different multimeric forms. Although real-time PCR experiments clearly showed an effect of RovS on rogB expression, the RovS protein did not bind to the rogB promoter in EMSAs. This suggests that the transcription of rogB obviously is stimulated by RovS indirectly, perhaps by influencing the expression of another regulatory protein.
Although some Rgg-like regulators have been characterized in function and structure, to our knowledge no general consensus sequence has been proposed for the DNA-binding site of this family of transcriptional regulators. To identify the RovS binding site, EMSAs were performed with truncated fbsA promoter regions, resulting in the identification of the palindromic sequence ATAATATTAAA-N 6 -TTTAAAAA TAT, which carries two mismatches. Previous studies demonstrated that the regulation of different genes or operons in gram-positive bacteria may involve the binding of regulator proteins to palindromic domains in their control regions. Jakubovics et al. (23) could identify the ScaR DNA-binding site that was shown to consist of one complete and one incomplete palindromic sequence. ScaR is a key regulator of scaA expression in S. gordonii; scaA encodes a cell surface lipoprotein antigen implicated in interbacterial adhesion. Transcription factors often bind as dimers to specific promoter regions. Thereby, two subunits make contacts with conserved base pairs within repeated elements or palindromic sequences and hence regulate transcription in a cooperative manner (4, 22) . This also seems to be the case for RovS, which could be detected as a dimer under native conditions and which specifically binds to a region of the fbsA promoter containing an imperfect palindromic sequence. An alignment of the promoter regions of fbsA, gbs0230, sodA, and the cyl operon revealed that this sequence can also be found upstream of the transcriptional start of gbs0230 (Ϫ706 to Ϫ678), sodA (Ϫ201 to Ϫ173), and the cyl operon (Ϫ240 to Ϫ212), resulting in the consensus sequence AWAAWVHTDAW-N 6/7 -WTKWWAMDWAK (boldface indicates conserved nucleotides) for the RovS binding motif. Therefore, it can be speculated that one subunit of the RovS dimer is able to bind to one part of the palindromic sequence and to regulate the expression of these genes, because RovS can also bind to DNA sequences with mutations in one site of the palindromic domain. Furthermore, in accordance with the finding that putative RovS binding sites can also be found upstream of 25 other genes, it might be speculated that the RovS motif identified in this study has broader significance as a determinant in a global regulatory system of S. agalactiae. Further studies are required to address this hypothesis.
In summary, we have identified and characterized a novel regulatory gene, termed rovS, encoding a regulator of virulence in S. agalactiae, which is involved in the expression control of known and putative virulence genes in these bacteria, influencing the attachment to human fibrinogen and the binding to the human lung epithelial cell line A549. With EMSAs the direct binding of RovS to the promoter regions of different virulence genes could be demonstrated. We were also able to propose a consensus sequence for the DNA-binding site of RovS, an Rgg-like transcriptional regulator.
